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Abstract 
In view of characteristics of working medium and villages buildings, the paper took pebble as material to store 
collected solar energy and studied the regenerator performance by numerical simulation (Matlab Programming) and 
experimental research. To comprehensively consider heat-exchange performance and operating cost, average 
regenerative power and air flow resistance were taken as target functions. Research results showed that the larger 
cross section velocity and length of pebble bed, the larger average heat storage power and air flow resistance. 
However, it's different for pebble diameter. The smaller pebble diameter, the larger average heat storage power and 
air flow resistance. So, pebble diameter was suggested to be 0.04～0.08m. The determination of cross section 
velocity and length of pebble bed would need to take into account volume flow and regenerator structure. 
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1. Introduction 
In view of the timing and randomness of solar energy resources, heat storage becomes very important 
in its utilization. Relevant standard proposed that, for solar air heating system, pebble or phase change 
material should be used as heat storage materials[1]. Compared to phase change material, pebble is a 
sensible heat storage material, lower storage capacity and larger occupancy area. However, it have some 
particular advantages, easy to exchange heat with air, low cost, high integration with architecture, easy 
operate and manage etc.. So, aiming at characteristics of working medium and villages buildings, pebble 
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was chosen in the paper. And based on previous studies[2-10], average regenerative power and air flow 
resistance were taken as target functions to study structural and import parameters on regenerator 
performance, which improved the disadvantage of only considering heat-exchange performance. 
 
Nomenclature 
T               temperature 
h               volume heat-exchange coefficient 
m, G, v     air mass flow, air mass flow through a unit cross-sectional area, and cross section velocity 
Q, q          average heat storage power and heat storage capacity  
ΔP           air flow resistance             
A, L, D      cross sectional area, length of pebble bed, and pebble diameter 
C, ε           specific heat and void fraction              
Re, f          Reynolds number and dimensionless number 
Δt              time interval 
X, Y           simulated value and measured value 
i, k            any one node and any one moment 
N, n           node number and test number        
Subscripts 
r, f             pebble and air 
p                constant pressure 
Greek symbols 
ρ,μ         density and air dynamic viscosity       
σ, Δθ        mean deviation and dimensionless number           
2. Model 
As shown in Fig.1, regenerator was composed of pebble, shell, support network and vent. When 
regenerator storaging heat, hot air flowed into from the upper vent, and after transmiting heat to pebble, 
flowed out from the bottom vent.   
 
 
 
 
 
 
 
 
     
Fig. 1. Schematic diagram of regenerator and grids drawing 
In the condition of no effect on calculating precision, the paper made some assumptions in modelling 
process to facilitate solving. These assumptions included, heat transfer process was unidimensional 
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ignoring other direction heat transfer, only heat transfer was considered ignoring mass transfer, heat loss 
to ambient was not considered, and pebbles temperature were equal in any one control volume.  
2.1. Thermal performance analysis 
Using heat balance method and finite difference method, heat-exchange equation group between 
pebble and air was built [11], shown in Eq.1-3, in which the regenerator was devided into N control 
volumes along X direction,  i=1,2,3…N. 
 
[Tr(i,k+1)-Tr(i,k)]/Δθ=(1-e-NTU/N)N [Tf(i,k+1)-Tr(i,k+1)] (1) 
[Tf(i,k+1)-Tf (i+1,k+1)] =(1-e-NTU/N)[Tf(i,k+1)-Tr(i,k+1)]  (2) 
NTU=hAL/(mCf,p);      h=700(G/D)0.76=700(ρf×v/D)0.76;     Δθ=Δt×mCf,p/[ρrCr,p(1-ε)AL] (3) 
 
Corresponding initial and boundary conditions were, at k=1, pebble temperature in any control volume 
was initial temperature obtained by measurement, namely, Tr(i,1)= Tr(0); at i=1, air temperature at any 
moment was inlet temperature, namely, Tf(1,k)= Tf (0). 
The solving process was as follows, firstly, inputting structural, initial and import parameters; secondly, 
calculating h, Δθ and NTU; thirdly, calculating Tr(i,k+1); fourthly, calculating Tf(i+1,k+1); finally, 
obtaining air and pebble temperature at any node and moment. 
2.2. Flow resistance analysis 
Air flow resistance refered to pressure drop when air passed through the pebble bed. Its expression was 
summarized by Ergun, shown in Eq.(4) [12]. 
 
ΔP=fLG2(1-ε)/(ρfDε3)=[150μ(1-ε)/(GD)+1.75][LG2(1-ε)/(ρfDε3)] (4) 
3. Results and discussion 
3.1. Experiment verification 
Fig.2(a) showed the experiment equipment at Tianjin University. It was made of common steel plate. 
Its cross sectional area was 0.03 m2, effective volume was 0.06m3, and pebble diameter was 0.06m. 
Fig.2(b) showed the change of inlet air temperature. Temperature was measured by T-type thermocouples, 
prior checked by Second Standard Mercury Thermometers. 
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Fig. 2. (a) experiment equipment; (b) change of inlet temperature 
Air velocity and pressure difference were respectively measured by ZRQF Series Intelligent 
Anemometer and Airdata Multimeter ADM-860C.  
In test process, cross section velocity was 0.37m/s. Fig.3 showed these simulated and measured values. 
 
 
 
 
 
 
 
 
       
Fig.3. (a) simulated and measured values of outlet temperature; (b) simulated and measured values of flow resistance 
As can be seen, the changing trend of simulated and measures values were same. But there was a little 
difference in between, and simulated values were all nearly larger than measured values. Using Eq.5, 
mean deviation were calculated, respetively 0.80K for outlet temperature and 11.4Pa for flow resistance.  
σ=(Σ∣X-Y∣)/n                                                                                                                             (5) 
In sum, good agreement between simulated and measured values of temperature and flow resistance 
was achieved, which showed that the model could be basis for further research. 
3.2. Simulation analysis 
Synthetically considering heat-exchange performance and operating cost, the paper took average heat 
storage power and air flow resistance as target functions to study the effect of controlled parameters on 
regenerator performance. Eq.6 showed the expression of average heat storage power. 
Φ=q/ΣΔt=[ΣGAC f,p(Tf,out-Tf,in)Δt]/ΣΔt                                                                                  (6) 
In simulation process, each parameter was varied while keeping others constant. Data base were 
pebble temperature at initial time 296K, inlet air temperature 303K, pebble diameter 0.06m, length of 
pebble bed 3m, bulk density 1600 kg/m3, specific heat of pebble 879 J/( kg·K), cross sectional area 
0.36m2, void fraction 0.4, and cross section velocity 0.31m/s.  
3.2.1. Effect of cross velocity 
The effect of cross section velocity on regenerator performance was shown in Fig.4. 
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Fig.4. Effect of cross section velocity on average heat storage power and flow resistance  
From Fig.4, volume heat-exchange coefficient improved with cross section velocity, thus average heat 
storage power increased from 212.7W to 1298.1W. However, when cross section velocity up to a point, 
heat exchange between pebble and air tended to be an equilibrium, and then its effect was not significant. 
Due to friction enhancement, flow resistance increased with cross section velocity, from 5.75Pa to 273Pa.  
Overall, effect of velocity on regenerator performance was of significance, so reasonable choice of 
cross sectional area was necessary. 
3.2.2. Effect of pebble diameter 
When void fraction respectively 0.4, 0.45, and 0.5, the effect of pebble diameter was shown in Fig.5.  
 
 
 
 
 
 
 
 
   
Fig.5. Effect of pebble diameter on average heat storage power and flow resistance 
With increasing of pebble diameter, both of average heat storage power and flow resistance decreased. 
That’s because volume heat-exchange coefficient and friction decreased. However, when pebble diameter 
larger than 0.04m, the changing trend gradually weakened. In addition, pebble diameter was relevant to 
void fraction, namely that the larger pebble diameter, the greater void fraction and the smaller flow 
resistance. Synthetically considering, better value of pebble diameter was suggested to be 0.04～0.08m. 
3.2.3. Effect of length of pebble bed 
When cross section velocity respectively 0.31m/s and 0.39m/s, effect of length of pebble bed from 
0.5m to 4.5m was shown in Fig.6.  
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Fig.6. Effect of length of pebble bed on average heat storage power and flow resistance 
Due to the time of air through pebble bed getting longer with length, heat-exchange effect improved 
and average heat storage power increased. For cross section velocity 0.31m/s, it increased from 234.9W 
to 936.4W. However, when length over a point, heat-exchange between pebble and air tended to be an 
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equilibrium, and then the increasing rate gradually decreased. However, flow resistance increased quickly 
with length, so the determination of length of pebble bed should be fully considered. 
4. Concluding remarks 
The paper took pebble as heat storage material, and did experimental and theoretical research on this 
regenerator. Obtained conclusions were as follows. 
• Good agreement between simulated and measured values of temperature or air flow resistance was 
achieved, which showed that mathematical models were correct and could be used to in-depth study. 
• To synthetically consider heat-exchange performance and operating cost, average heat storage power 
and air flow resistance were taken as target functions to study structural and import parameters on 
regenerator performance. 
• Simulated results showed that average heat storage power and flow resistance increased with cross 
section velocity and length of pebble bed, however, it's different for pebble diameter. The smaller 
pebble diameter, the larger heat storage power and flow resistance. So, pebble diameter was suggested 
to be 0.04～0.08m, however, the determination of cross section velocity and length of pebble bed 
would need to take into account volume flow and regenerator structure. 
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